ABSTRACT. We collected wolf eelpouts Lycenchelys verrillii and witch flounder Glyptocephalus cynoglossus from Hatteras (North Carolina, USA) a n d Virginia (USA) Middle Slope sites using a submersible, and made shipboard measurements of their respiration rates and survival in hypoxic (<10% O2 saturation) and anoxic conditions. Both species from the Hatteras site reduced their respiration rates as ambient oxygen decreased, but eelpouts from the Virginia site maintained a constant respiration rate until oxygen saturation dropped below 20% Moreover, eelpouts from the Hatteras site were significantly more tolerant of hypoxic conditions than f~s h from the Virginia site and survived anoxia for short periods. These results and our submersible observations of fish behavior support the hypothesis that the Hatteras Middle Slope fauna is exposed to short-term hypoxia events.
INTRODUCTION
An anon~alous benthic fauna occurs on the middle continental slope off Cape Hatteras, North Carolina, USA (HMS), 35" 30' N, 74" 50'W (Blake & Diaz 1994 , Hecker 1994 , Sulak & Ross 1996 . The invertebrate macro-and megafauna exhibit uneven species composition and high abundance in this region (Schaff et al. 1992 , Blake & Hilbig 1994 , Hecker 1994 . The benthic fish community is dominated by 4 sedentary species which occur in large numbers but exhibit reduced sizes when compared to those found on the Virginia Middle Slope (VMS), USA, only 150 km to the north (Sulak & Ross 1996) . Moreover, active, benthopelagic species that are common along the continental slope of the eastern United States are conspicuously absent at the HMS site. Sulak & Ross (1996) hypothesized that these characteristics of the HMS benthic fish fauna may reflect chronic or episodic reductions in near-bottom dissolved oxygen concentration.
We documented metabolic responses of the 2 dominant HMS fish species, wolf eelpout Lycenchelys verrillii and witch flounder Glyptocephalus cynoglossus, during decreasing oxygen conditions. In addition, w e tested the hypoxia tolerance of fish collected at both the HMS and VMS sites. These deep-sea teleosts are both extremely hardy and have no gas bladder, making it possible to transport submersible-caught specimens to the surface unharmed a n d to conduct shipboard experiments on them. We relate these shipboard measurements to submersible observations of fish behavior in situ.
METHODS
All experiments were conducted from 25 June to 2 July 1992 aboard the RV 'Edwin Link'. Wolf eelpouts [45] [46] All fish were collected in depths ranging from 530 to 840 m using a suction sampler operated from the DSRV 'Johnson-Sea-Link'. Bottom temperatures a t the collection sites ranged from 4.5 to 5.2OC a n d oxygen saturation ranged from 65 to 80%. Fish were drawn into plexiglass containers at depth and, immediately upon surfacing, were transferred from ambient seawater to 76 1 aquarla located in a darkened coldroom (6°C). All fish were acclimated in the coldroom for at least 24 h before experimentation a n d were not fed. No fish mortality occurred in the aquaria throughout the 8 d cruise.
We measured oxygen consumption by using two 245 m1 static respiration chambers that were each fitted with a polarographic oxygen electrode. For each trial, 1 randomly selected fish was gently coaxed into each of the 2 chambers. The chambers were placed in a cold water bath to maintain temperature at 6.0°C (+0.3"C) and were positioned over a white surface. Red-filtered lighting in the cold room made the silhouette of each fish visible from above for observations of ventilation rate, but the sides of the water bath were shielded to minimize fish disturbance during counts of opercular strokes (Heath 1972) .
Oxygen concentration (mg 1-') and temperature ("C) in the chambers were recorded continuously at 10 s intervals with a laptop computer. At 15 min intervals the ventilation rate (strokes min-l) of each fish was determined from the mean of 3 counts of opercular strokes, and the respiration chambers were then rocked to promote adequate mixing. Both species were quiescent in the cham.bers, even during mixing. Only maximum oxygen concentrations recorded after each mixing were used for analysis. Oxygen in the chambers was depleted by the fish at a rate of approximately 1 mg O2 1-l h-' (10% O2 saturation h-') and average experiment duration was 8 h.
Respiration measurements were made around-theclock and were terminated when the fish no longer ope~.culated and were presumed dead. The lower lethal oxygen saturation was defined as the oxygen saturation in the chambers when fish died. Each specimen was frozen for later determination of wet weight (to the nearest 0.01 g). The chambers were then flushed and oxygen measurements were taken in chambers without fish to document background respiration (Cech 1990) .
We monitored survival of HMS wolf eelpouts during slower rates of oxygen depletion (approximately 0.3 m g O2 1-' h-') in a closed 3.9 1 chamber equipped with a polarographic oxygen electrode. In the first and second trials, 6 and 8 fish, respectively, were placed in the chamber, and oxygen saturation was monitored at 1 h intervals. Mean 1.ower lethal oxygen saturation, percent survival when oxygen dropped below 10Y0 saturation (hypoxia), and percent survival when al.1 oxygen had been depleted (anoxia) were recorded In the first trial the hypoxic treatment lasted 8.2 h and in the second trial it lasted 6.5 h. Experiments were terminated when 50!% of the fish no longer operculated and were presumed dead. All fish were frozen for later measurement of wet weight.
Respiration and ventilation rates were determined for wolf eelpouts at both the HMS (n = 8) and VMS (n = 6) sites, but witch flounder from only the HMS site (n = 8) were used (this species was too difficult to catch at the VMS site). Oxygen measurements were erratic in both control and experimental chambers during the first hour of each experiment, so measurements taken during this period were not used in the analysis. Background respiration after this period was negligible. Mean weight-independent respiration rates (my O2 g-0.7 h-') and ventilation rates (strokes min-l) in oxygen saturations from 70 to 0 % (at intervals of 5 % saturation) were calculated for each fish. Due to the lack of
fish activity in the chambers, we -0 30 -assumed a mass exponent of 0.7 for fish at standard metabolism (Cech 1990 We tested for effects of oxygen saturation, weight, chamber and collection site on respiration rate using analysis of l X covariance (Zar 1984) . Mean lower (Fig. 2) . We did not gen saturations we noted that gill venti-
lation was exaggerated, and that fish exhibited gulping movements which volume has been documented in other species (Steffensen et al. 1982) . The relationship between oxygen saturation and resto approximately half of the initial rate. Respiration rates piration rates of wolf eelpouts from the 2 sites differed of fish collected at the HMS site gradually decreased significantly (p < 0.05, ANCOVA). Fish from the VMS with decreasing oxygen availability, and did not exhibit site maintained a constant rate of oxygen consumption the stepped response noted in VMS fish (Fig. 2) . (mean = 0.051 mg O2 g-0.7 h-') until oxygen saturation
In respiration chambers, wolf eelpouts from both neared 20°,;~ (Fig. 2) . Respiration then suddenly dropped sites survived hypoxia longer than witch flounder, and (Table 1) . Only 1 VMS eelpout, and no witch flounder survived anoxia (Table 1) . Survival of wolf eelpouts from the HMS site that we subjected to slower rates of oxygen depletion also indicated that these fish were extremely resistant to hypoxic condtions. In both trials, all fish survived at least 4 h in < 10 % oxygen saturation (mean duration * SE = 6.2 0.8 h) and 50% of the fish survived anoxic conditions. In the first trial, mean lower lethal oxygen saturation was 2.3 % (SE = 21.1 %, n = 6). Lower lethal oxygen saturation in the second trial was not computed due to missing data.
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DISCUSSION
We attribute the low respiration rates of wolf eelpouts and witch flounder in oxygenated water to the combined effects of low environmental temperature, depth of occurrence, and fish lifestyle. Torres et al. (1979) found that metabolism of midwater fishes is negatively correlated with minimum depth of occurrence (depth below which 90% of the population lives). By modeling this relationship, they found that the low respiration rates of deep-living species cannot be attributed solely to ambient temperature. Cowles & Childress (1995) attributed the low respiration rates of anglerfish ~Melanocetus johnsoni to the sluggish habits of this bathypelagic sit-and-wait predator. Respiration rates of the wolf eelpouts and witch flounder w e measured were slightly lower than those predicted by the Torres et al. (1979) model, and may reflect the sedentary nature of the wolf eelpouts and witch flounder.
The metabolic strategies of the 2 most common HMS species indicated that short-term hypoxic events are likely on the HMS. Both wolf eelpouts and witch flounder from the HMS site exhibited continuous decreases in respiration as oxygen saturalion decreased. This response to hypoxia is similar to that of the eelpout Zoarces viviparus, which inhabits a highly unpredictable oxygen environment where hypoxic events occur (Fischer et al. 1992) . Fischer et al. (1992) suggested that eelpouts start to reduce respiration and activity at an early phase of oxygen depletion to extend their survival time in hypoxic conditions. In contrast, a zoarcid which occurs in chronic hypoxia, Melanostiqma pammelas, maintains a constant respiration rate during oxygen deprivation until the lowest levels they encounter in the oxygen minimum layer are reached (Belman & Gordon 1979) .
Wolf eelpouts from the HMS site exhibited considerable anaerobic capabilities, which also supports the hypothesis that short-term hypoxia occurs at this site. In contrast, organisms adapted to chronic hypoxia do not exhibit anaerobic metabolism because they have no opportunity to repay their oxygen debt (Childress 1975 , Belman & Gordon 1979 , Vetter et al. 1994 . As in our observations of the wolf eelpout, Fischer et al. (1992) found that Zoarces viviparus survived shortterm anoxia and that gill ventilation ceased after 20 m.in in 0% saturation However, they were able to revive the apparently dead fish after 60 min anoxia treatments. We did not attempt to revive the wolf eelpouts after gill ventilation stopped, but it is possible that they were still alive when we terminated the experiments. In this case, our estimates of their anaerobic abilities were probably conservative.
Wolf eelpouts exhibited significant site-specific differences in their response to hypoxia and in their behavior in situ. Respiration of fish from the VMS site was independent of ambient oxygen to a critical oxygen saturation of 20%, and their lower lethal O2 saturation was significantly higher than that of wolf eelpouts from the HMS site. During submersible transects we noted that both wolf eelpouts and witch flounder were more active at the VMS site than at the HMS site. In fact, collection of fish a t the VMS site was more difficult because they actively avoided the suction sampler. Fish at the HMS site were easily collected and rarely swam away when approached or touched by the submersible. These behaviors may reflect a lower scope for activity at the HMS site due to oxygen limitation ( Van den Thillart et al. 1994 ).
The differences in hypoxia tolerance that we found in wolf eelpouts from the HMS and VMS sites could reflect ontogenetic changes, physiological acclimatization, or microgeographical genetic differences in the 2 groups. Size-specific changes in anaerobic capacity and hypoxia tolerance have been documented in other species (Peterson & Gilmore 1991 , Vetter et al. 1994 ). We were not able to collect enough large individuals to test for ontogenetic changes; however, within the size range we tested (4 to 11 g) there was no evidence that hypoxia tolerance was related to size. We propose that periodic hypoxia on the HMS has caused site-specific physiological acclimatization at either the individual or population level. Wolf eelpouts have no mechanism for wide dispersal, having sinall numbers of benthic, precocial offspring (Anderson 1984) . If HMS hypoxic events have persisted for a long time in relation to the generation length of wolf eelpouts, genetic changes could have resulted (Slobodkin & Rapoport 1974) . Microgeographical (20 to 40 km) genetic differentiation has been documented in the eelpout Zoarces viviparus (Frydenberg et al. 1973) , and it seems probable that genetically-based physiological differences could evolve in Lycenchelys verrillii over similar distances on the continental slope of the United States.
